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PRESSURIZABLE STRUCTURES
COMPRISING DIFFERENT SURFACE
SECTIONS

The mvention relates to pressurizable structures compris-
ing a gas- or fluid-tight body overwound with a number of
fibre filaments, whereby the radius of the body varies along a
rotation-symmetrical axis of the structure.

Pressurizable structures of the above-indicated type are
well known 1n the art. A known pressurizable structure may
comprise a body of which the radius varies with respect to a
rotation-symmetrical axis of the structure, such that the body
comprises a number of convex surface sections each having a
local maximum radius, such as with 1sotensoidal or cylindri-
cal bodies. When under internal pressure, such bodies form
part of rigid, pressure-resistant structures.

It 1s an object of the invention to provide pressurizable
structures of which the radius of the body varies with respect
to a rotation-symmetrical axis of the structure, which struc-
tures when under pressure offer stiffness and strength of an
order as that provided by known pressurizable structures of
which the body comprises a number of convex surface sec-
tions.

It 1s another object of the invention to provide for pressur-
izable structures of the above-indicated type with a low
requirement of material i regard of production and a large
reduction in weight of the pressurizable structure.

Either or both objects are achieved by means of a fibre-
reinforced pressurizable structure, which fibre-remnforced
pressurizable structure comprises a gas- or fluid-tight body
overwound with a number of fibre filaments, whereby the
radius of the body varies with respect to a rotation-symmetri-
cal axis of the structure, such that said body comprises a
number of concave surface sections each having a local mini-
mum radius, and a number of convex surface sections each
having a local maximum radius, characterized in that at least
one concave surface section 1s overwound with a fibre such
that the longitudinal orientation of the fibre along a finite
length thereof 1s orientated substantially perpendicular with
respect to the rotation-symmetrical axis of the structure.

The advantage related to this technical element 1s that the
pressurizable structure which comprises concave and convex
surface sections 1s overwound with a fibre, such that at every
locus on the surface of the structure, the fibre 1s under a
constant tension, not only with respect to the convex surface
sections but also with respect to concave surface sections of
the pressurizable structure. In regard of the fibre, both geo-
desic trajectories (1.e. with zero friction between the fibre and
the surface it lies on) as well as non-geodesic trajectories
(non-zero riction between the fibre and the surface 1t lies on)
are achievable.

It 1s to be noted that the local orientation of the fibre on said
concave surface section 1s imtact and that 1t remains 1ntact
during use, even when the structure 1s not under internal
pressure.

This basic concept makes 1t possible to connect bodies of
pressurizable structures, which bodies comprise different sur-
face sections, together by means of continuous overwinding,
1.¢. without the use of imnterconnecting means between bodies
which are separately overwound. Large pressurizable struc-
tures comprising different axial sections, including axial sec-
tions having concave surfaces, are achievable whereby the
fibre always follows a globular or bulbous trajectory as deter-
mined by the 1sotensoidal shape of the related axial section.

Preferably, the finite length of the fibre comprises a locus at
which the fibre undergoes torsion with respect to 1ts longitu-
dinal centre-line. This 1s advantageous 1n that the transition
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2

between adjoining concave and convex surface sections can
be achieved by means of a single fibre. More preferably, the
finite length of the fibre comprises a locus at which there 1s
reversal of the side of the fibre which 1s 1n contact with the
body. This offers the advantage that transitions between
adjoining axial sections having concave and convex surfaces
whereby a transition occurs over a short length with respect to
the rotational-symmetrical axis of the body may also be
achieved by means of a single fibre.

According to another embodiment of the invention, the
body of the fibre-reinforced pressurizable structure 1s tlex-
ible, 1.e. non-rigid, and that the fibres are supported by a
matrix material. This 1s advantageous 1n that large-scale
structures may be constructed as comprising axial sections or
substructures with different surfaces, whereby each axial sec-
tion or substructure 1s separately foldable and inflatable/de-
flatable, such that the architecture and the local orientation of
the fibre across the surface of the axial sections or substruc-
tures remain 1ntact under all conditions of use.

Another advantage of this embodiment 1s that a part of the
pressurizable structure according to the invention, at least an
axial section thereot, can be brought into a working position
whereby this section 1s not under internal pressure and thus its
being in a compact state, and after being brought into its
working position, the axial section being brought under inter-
nal pressure to its pressurized operating state. This provides
for economical advantage and for access to and operability 1n
tight spaces.

Embodiments comprising axial sections which can be
positioned differently with respect to the rest of the pressur-
1zable structure according to the invention, e.g. rotated, trans-
lated or bended with respect to the longitudinal axis of the
pressurizable structure.

These and other aspects of the invention will be apparent
from and elucidated with reference to the embodiment(s)
described hereimafiter.

FIG. 1 depicts cross-sections of a number of 1sotensoidal
profiles of the body of a pressurizable structure, to be seen 1n
conjunction with FIG. 4;

FIG. 2 depicts graphically a pressurizable structure pro-
vided with a number of concave surface sections and a num-
ber of convex surface sections;

FIG. 3 depicts a graphical representation of forces, sur-
faces, pressures and radii 1n light of definitions of the g-factor
and r-factor;

FIG. 4 depicts pressurizable structures having different
ratios of the so-called g-factor, to be seen with reference to
FIG. 1;

FIG. 5 depicts a graph of some relationships of the so-
called r-factor to the geometry of the body of the pressuriz-
able structure;

FIG. 6 depicts schematically a reversal of the side of the
fibre which 1s in contact with the body;

FIG. 7 depicts schematically the occurrence of fibre twist
and of reversal of the contact side of the fibre as functions of
the g-factor and the r-factor;

FIG. 8 depicts a graph of the dimensionless reduction of the
pole opening for various p-values as a function of the dimen-
sionless equatorial radius;

FIG. 9 depicts a graph of critical values of the dimension-
less equatorial radius as a function of the applied friction;

FIG. 10 depicts a graph of dimensionless values of dis-
placement of the highest point of the structure as a function of
the parameter & with different initial values of the r-factor;

FIG. 11 depicts a graph of effective values of the r-factor as
a function of the parameter ¢ with different initial values of
the r-factor;
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FI1G. 12 depicts schematically translation and rotation of an
axial section with respect to the longitudinal axis of the pres-
surizable structure;

FIG. 13 depicts translation and bending of an axial section
with respect to the longitudinal axis of the pressurizable
structure;

FI1G. 14 depicts a hyperboloid axial section as an embodi-
ment comprising an 1sotensoidal concave surface;

FIG. 15 depicts schematically a correction moment as a
reaction to inclination at a pole of the pressurizable structure;

FI1G. 16 depicts graphically the deformed state of an axial
section of the pressurizable structure resulting from inclina-
tion at the pole of the pressurizable structure;

FIG. 17 depicts a graph of the correction moment which 1s
generated as a function of angular deformation at the polar
plane of the pressurizable structure;

FIG. 18 depicts a graph of in-plane strains of an axial
section when 1t 1s deformed 1nto a flat surface;

FI1G. 19 depicts schematically a two-dimensional arrange-
ment of pressurizable fuel tanks according to the mvention;

FI1G. 20 depicts schematically a plan view of a combination
of three pressurizable structures according to the invention;

FIGS. 21A, B and C depicts schematically the use of a
pressurizable structure according to the invention as an eleva-
tor-driving element (21A), an excavator-driving element
(21B) and a robotic actuator (21C), respectively;

FIG. 22 depicts schematically a plan view of the ground
floor of a pressurizable structure according to the invention
which comprises means for a shoring or strutting function,
such as construction beams:

FIG. 23 depicts schematically an elevation of a building
comprising pressurizable structures according to FIG. 22;
and

FI1G. 24 depicts schematically a step of a method for mak-
ing a pressurizable structure according to FI1G. 22 by means of
¢.g. braiding.

With reference to FIG. 1, almost every 1sotensoidal body 1s
characterized by an infinite slope at its pole radius and 1ts
equator radius. A basic aspect of the invention 1s embodied 1n
an oblong, quasi-cylindrical pressurizable structure which
comprises alternatingly concave and convex surfaces of axial
sections as shown in FI1G. 2. Inregard of the surfaces, 1t should
be noted that the fibre 1s under a constant tension at every
locus of the surface.

The pressurizable structures according to the invention are
conveniently defined in terms of the two parameters the g-fac-
tor and the r-factor. With reference to FIG. 3, the g-factor 1s
defined as the square of the dimensionless quotient of said
local maximum radius of a convex surface section adjacent to
the concave surface section 1n question and the local mini-
mum radius of the concave surface section 1n question, and
the r-factor 1s defined as the quotient of the total distribution
of the axial load on the circumierence of said local minimum
radius and the internal axial force generated by the internal
pressure on the surface of the axial section at said local
maximum radius.

FIG. 4 depicts various combinations of vessels having dii-
terent values of the g-factor and the r-factor, which combina-
tions allow for different shapes.

The ratios of the g-factors and of the r-factors of adjoining
axial sections of the pressurizable structure influence the
shape of the applied meridian profile. In order to ensure
smooth transition of the connecting fibre between the axial
sections, r should not have a value smaller than -1/q; 1n this
case, the maximum height (of what?) becomes equal to the
height at the pole. The next important r-value 1s r(z=0) where
the height at the pole equalizes zero, see FIG. 5.
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Another important property 1n regard of the pressurizable
structure according to the invention 1s that it allows for over-
winding the same with a single fibre bundle. The latter 1s 1n
contact with the surface throughout, both over convex as well
as concave surtace sections. Depending on the values of g and
r, two different configurations can be followed in regard of the
transition of the fibre from one axial section to an adjoining
axial section of the structure, see FIG. 6.

In cases whereby the g-factor and the r-factor of the body
have values in the ranges of g={1, 12} and r={-1 /q, 0}, the
winding angle at the pole (smallest radius) 1s approx. equal to
I1/2[rad] and the degree of concavity 1s generally small, that
1s: 1.€. the radius of normal curvature 1s large, so that the fibre
1s 1n contact with the concave surface section 1n question with
its one and same side throughout and 1t undergoes a total twist
equal to II [rad] over the length of the transition between two
sections.

In cases whereby the g-factor and the r-factor of the body
have values in the ranges of q={1, 8} and r={-1/q, -1/(2q)},
or =48, «} and r={0, -1/q}, the winding angle at the pole
remains equal to I1/2[rad] while the degree of concavity 1s
generally very large, so that there 1s reversal of the side of the
fibre which 1s 1in contact with the concave surface section.
Both types of cases are depicted graphically 1in FIG. 7.

Another important parameter 1 addition to the g-factor
and the r-factor relates to the choice between geodesic- and
non-geodesic trajectories of the fibre. A geodesic fibre path
does not require any iriction between the fibre and the surface
its overwinds, while conversely a non-geodesic path for the
fibre does require friction.

In regard of geodesic winding: assuming that there 1s zero
triction (u=0), then 1t 1s not possible to make an axial section
which has different radi1 of the pole opemings at 1ts ends. This
entails that one and the same meridional profile needs to be
used for 1dentical adjoining axial sections of the pressurizable
structure. in addition, in case of the g-factor having small
values, 1t leads to pole openings with considerable radi.

In regard of non-geodesic winding: depending on the mag-
nitude of p and the chosen values of the g-factor and the
r-factor, it allows for accommodation of the changing g-factor
in regard of transition from one axial section to an adjoining
section. The measure of decrease depends mainly on the
dimensionless equator radius and u, see FIG. 8.

Having selected a particular value for u, the radius of the
pole opening may even become equal to zero with the value of
the g-factor being suificiently high. FIG. 9 depicts values of
the corresponding dimensionless equatorial radii.

FIGS. 8 and 9 thus relate to the case of achueving an
isotensoidal shape by means of non-geodesic winding. It
should be noted that the resulting meridian profile 1s signifi-
cantly similar to the geodesic-1sotensoidal one. This property
allows for use 1n general of typical geodesic 1sotensoidal
shapes notwithstanding the occurrence of friction. It should
be noted that a particular g-value 1s directly coupled to the
corresponding dimensionless equator radius.

The body of the pressurizable structure according to the
invention can be either rigid or inflatable/deflatable. This
distinction relates to the choice of use of matrix materials and
in regard of the production process 1n terms of the desired

quality, manufacturing time and required coelficient of fric-
tion between the fibre bundle and the surface which 1s to be

overwound

In regard of a rigid pressurizable structure, 1ts design pro-
cedure may be substantially similar to that of known 1soten-
soidal pressurizable structures, either with or without imple-
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mentation of friction. This 1s well known 1n the art, and hence
rigid structures will not be described further in this patent
application.

The following 1s a description of the aspect of variation of
mechanical properties of the pressurizable structure accord-
ing to the mvention when it 1s under internal pressure.

The starting point 1s a column of pressurizable structures
(which are 1sotensoidal of shape and are geodesically wound)
with certain values of the g-factor, the r-factor and the internal
pressure. In the event of deflation, the pressure reduction may
be described by the parameter & which 1s equal to P(defla-
tion)/P(initial). The dimensionless value of displacement
(=decrease 1n height) of the highest vessel point depends on
the pressure reduction and the initial values of the g-factor
and r-factor, see FIG. 10.

FI1G. 10 represents the displacement-pressure modification
curve ol one half of an axial section of a pressurizable struc-
ture. Depending on the number of interconnected axial sec-
tions, the curve 1n regard of the total pressurizable structure
can be deduced on the basis of a series-connection of equiva-
lent spring elements.

A modification of an axial section due to a change 1n 1ts
internal pressure corresponds in effect to a new value of 1ts
r-factor, with the proviso that the value of the g-factor also
changes such that the total fibre length remains practically
unchanged. An example of this modification of the r-factor as
a result of a change 1n the internal pressure 1s shown in FIG.
11.

Every initial {q,r} configuration corresponds with distinc-
tive values of minimum & and effective r-factor. The mini-
mum & value 1s associated with a threshold value of the
pressure which 1s required for countering the axial force at the
top of the configuration of combined structures. The most
important mechanical property of the pressurizable structure
1s the adaptability of the pressure-displacement characteristic
thereol through variations in the values of the g-factor and/or
of the r-factor as well as modification of the number of struc-
tures which are to be interconnected 1n parallel- or 1n series.
Profiles on the basis of non-geodesic winding also provide an
additional possibility for adapting the pressure-displacement
characteristic of the pressurizable structure.

In addition to longitudinal displacements of one or more
axial sections of the pressurizable structure, 1t can also be
pivotable with respect to the longitudinal axis of the structure.
In other words, one or more axial sections can also be subject
to rotation with respect to the longitudinal axis of the struc-
ture. This can be achieved through modification of the fibre
path, such that the total fibre length 1s greater than the geo-
desic length, see FIG. 12. According to another possibility,
such as 1n the case of a structure with an asymmetrical axial
cross-section, at least one axial section of the structure 1s
variable with respect to the longitudinal axis of the pressur-
1zable structure. According to yet another possibility, an axial
section of the structure 1s pivotable with respect to an axis,
which axis 1s orthogonal with respect to the longitudinal axis
ol the pressurizable structure, see FIG. 13.

During deflation the value of the effective r-factor becomes
increasingly negative. When this value 1s smaller then -1/q,
the vessel will behave slightly stiffer then as indicated by the
predicted pressure-displacement characteristic (see FI1G. 10),
due to extensive contact between adjoining axial sections of
the pressurizable structure.

FI1G. 14 depicts the use of a hyperboloid axial section as an
embodiment which can simultaneously be subject to both the
axial length of the axial section being variable with respect to
the longitudinal axis of the pressurizable structure (transla-
tion of the axial section) as well as this axial section being
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pivotable with respect to the longitudinal axis of the pressur-
1zable structure (rotation of the axial section). The length of
the fibre which overwinds this axial section remains constant
throughout.

In regard of the stability of the pressurizable structure
according to the mvention, and with reference to FIG. 15:
when a deviation of the plane perpendicular to the longitudi-
nal axis at an end plane of an axial section occurs, then the
structure shall give rise to a moment which will counteract
with respect to this deviation. The behavior of a pressurizable
structure according to the mvention can be derived from the
stability of a single axial section. When it 1s 1n a deformed
state, the pressurizable structure can be considered to be as a
structure having a slightly modified distribution of the equa-
tor radius compared to a non-deformed state, with changes at
the pole radius remaining substantially negligible, see FIG.
16.

As a result of the deformation, the fibres will undergo
different loads as a function of their angular position 1n the
equatorial plane of the axial section. With reference to FIG.
17, these loads will generate a moment tending to counter the
deformation. The slope of the moment-angle curve depends
on the design parameters {q,r} and the applied fibre path
(geodesic or non-geodesic). It 1s to be noted that the relation-
ship between the deformation and the generated moment 1s
linear.

The following 1s a description of the maximum stresses
which arise 1n the event of deformation of a pressurizable
structure according to the invention. Assume an initial situa-
tion of a structure comprising a stacked arrangement of axial
sections. The maximum deformation 1imaginable 1s when the
stacking of the structure 1s flattened to a state comparable to
that of a stack of compact discs. In the tlattened state, the axial
sections have the same pole radius as 1n the nitial state. As
described above 1n relation to a hyperboloid structure, 1n
order to maintain the same fibre length of a winding as 1n the
initial state, the equator radius of the related axial section will
have to increase. Consequently, the matrix should be able to
withstand the generated stresses and strains. This analysis 1s
based on the validity of a plane stress situation, whereby the
fibres are considered to be mfinitely stiff, e.g as 1n FIG. 18.
When applying a typical rubber as the matrix matenal (e.g.
Polyurethane), the maximum equivalent Hubert-Hencky
stress remains below the vield value and occurs at the outer
fibre locus (equator).

In regard of applicable pressure levels, these are theoreti-
cally unlimited, mainly depending on the applied fibre mate-
rial and the number of windings. In practice, even when the
strongest fibres are used, the physical volume of fibres prac-
ticable at the poles limits the number of windings. The latter
sets a limit on the design pressure. Generally, pressure levels
of e.g. 300 [bar] are achievable. This level forms a significant
difference between a typical unreinforced inflatable structure
and the pressurizable structure comprising combinations of
axial sections according to the invention.

The pressurizable structure according to the invention can
be used 1 various fields of technology. Some practical
embodiments are pressure vessels which offer a comprehen-
sible occupation of the available installation space at an opti-
mum strength-to-weight ratio; adjustable springs; smart
actuators serving as replacements for hydraulic or pneumatic
cylinders; and robotic arms and elevators which can bear high
loads and perform movements in multiple degrees of free-
dom. Other embodiments comprise pipelines such as flexible
pipelines of which the dimensions and load-bearing proper-
ties are alterable. Also, large structures such as high-rise
buildings comprising low-weight pressurizable axial sections
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according to the invention are feasible. An example relates to
a vehicle-parking building which comprises a variable num-
ber of parking decks, whereby one or more decks comprise
struts formed from pressurizable axial sections according to
the invention and whereby a deck 1s taken 1nto use by pres-
surizing the same only when so required. Yet further embodi-
ments comprise smart structures such that when these are put
to use as load-carrying members, the stiflness characteristics
of the resulting structure can be adjusted, e.g. 1n the case of
adaptation of the resonance frequencies of buildings during
an earthquake or a blizzard).

With respect to the constraints of a given installation space,
there are various possibilities of filling 1t with high-perior-
mance composite pressure vessels having considerable oper-
ating pressure levels. Such a use can be based on an arrange-
ment according to FI1G. 19. A three-dimensional arrangement
can advantageously increase the occupation of the space
available. Another advantage of filling a space with an
arrangement comprising several tanks 1s that in the event of a
teed failure, there will still be enough fuel 1n the remaining
pressurizable sections comprised in the arrangement to the
end of keeping the related energy converter in operation. Such
a fail-safe property 1s advantageous particularly in light of
¢.g. the aerospace 1industry.

In regard of the use of a pressurizable structure according,
to the invention as an adjustable spring: this can be achieved
through a varnation of the iternal pressure of the axial sec-
tions of the structure 1n conjunction with use of its properties
ol adjustable values of 1ts g-factor, r-factor and the choice of
geodesic or non-geodesic trajectories of the fibre windings.
Since high internal pressures are applicable, spring means
with small dimensions can be implemented. With reference to
FIG. 20, an arrangement of axial sections linked together 1n
parallel and at different loci 1s advantageous 1n regard of the
performance of complicated movements whereby there are
also considerable external loads exerted on the pressurizable
structure.

In other uses involving e.g. hydraulic or pneumatic cylin-
ders which are subject to considerable external loads, the
functions of these cylinders can be implemented by means of
an arrangement of pressurizable structures, as described
above, which means also provide for the advantage of elimi-
nating, or at least reducing, leaks and wear, the latter as a
result of interaction between different moving mechanical
parts. Considering that the pressure-displacement curve of
said arrangement of pressurizable structures 1s readily adjust-
able, specific uses relate to elevators, excavators and heavy
industrial robots, see FIG. 21A-C.

In regard of the use of a pressurizable structure according,
to the mvention as a pipeline, the combination of a high
pressure-bearing capability, of translational and rotational
tflexibility 1n addition to, theoretically, an infinite length of the
pressurizable structure allows for the construction of continu-
ous, adaptable pipelines. Depending on the required flexibil-
ity, the degrees of concavity and convexity are readily adjust-
able. The pipelines can be constructed on-site, or be
transported 1n a compact, unpressurized state. The latter leads
advantageously to a considerable reduction of the volume of
the structure.

A Turther use of a pressurizable structure according to the
invention relates to entitites such as struts or shoring means
for buildings. Axial sections can be connected to each other
by means of continuous overwinding to any desired length,
even ad 1infinitum at least 1n principle, to form buildings. For
example, consider a square building which comprises 10
tfloors. Consider further as a starting point that each tloor 1s
dimensioned to bear a floor load of 300 [kg/m~] and that it is
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shaped as a square of 10 [m]x10 [m]. The required ceiling
height of each floor 1s set to 3 [m]. At the ground floor, the
maximum allowable radius of the pressurizable structure,
which comprises a number of different axial sections, 1s set to
be 1.25 [m]. Each of the four corners of the building 1s borne
by one strut in the form of a pressurizable structure, see FIG.
22. Calculations indicate that the required pressure at the
ground floor 1s approx. 30 [bar]. If the pressurizable structure
1s to be continued through to the adjoining tloor level, then the
pressure ol the adjoining axial section can be varied 1n accor-
dance to the cumulative loads on all higher-lying floors. In
situations 1n which a decrease of the equatorial radius to the
maximum extent possible 1s required, a solution can be found
through the use of smaller lengths of axial sections of which
the pressurizable structure 1s comprised. Preferably, each
floor should comprise an integer number of axial sections
which extend exactly to the required ceiling height and which
are 1n accordance with the pressure level required for the
ground floor. The result of this analysis 1s depicted graphi-
cally in FIG. 23.

If pressure valves are comprised between the different
floors of the pressurizable structure according to the mven-
tion, then this offers the possibility of tailoring the pressure
levels at each floor and it thus provides for an adjustable
building. In practice, 1t would be pretferable to construct each
floor as being formed by a modular type of pressurizable
structure, whereby the pressurizable structure in turn com-
prises a number of axial sections which are adjoined by means
of overwinding. A modular type of pressurizable structure
does not give rise to technical problems associated with the
introduction of floor loads other than at an end of a pressur-
1zable structure. The possibility of building floors formed by
modular pressurizable structures allows for addition or
removal of such tloors, by which adjustable buildings can be
made to be readily convertible for different functions, e.g. a
factory hall being converted into a multi-deck parking garage.
Further, the Eigen-1requencies of existing building structures,
such as a steel framework of a building, can be made adapt-
able with respect to varying conditions, e.g. earthquakes and
blizzards. Even further, a building can be built as follows. A
pressurizable structure comprising a number of axial sections
1s put 1in place 1n its unpressurized state. The highest axial
section 1s brought under internal pressure up to the desired
floor load-bearing capacity. As required, e.g. a steel frame-
work can be mounted onto the pressurized axial section. The
adjoining axial section which 1s to form the underlying floor
1s then brought under 1internal pressure. Through repetition,
cach floor can be made at the ground level and raised. Such a
method of constructing buildings leads advantageously to
reduction of construction time and costs.

In another aspect, the mmvention relates to a method of
producing pressurizable structures. Basically, the pressuriz-
able structures according to the invention can be produced by
means of filament winding and braiding. There are several
possibilities which allow for choice of production speed and
of the implementation of friction. For example, use can be
made of winding or braiding with dry fibres, followed by
application of matrix material by means of dimpling or spray-
ing on to the fibres. Also, use can be made of winding or
braiding with wet fibres, 1.e. fibres which are impregnated
with either a thermoplastic or a thermosetting matrix mate-
rial. In the case of a pressurizable structure, i1 applicable, the
matrix material should have deformation capabilities.

In any method of production, a body 1s required (mould or
liner). The latter can remain 1n the structure after completion
of the overwinding, as in the case of a rigid pressurizable
structure which comprises several axial sections. In other
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cases, the Otherwise, the body should be flexible in order to
withstand the deformations of a pressurizable structure.
Another possibility relates to the use of a removable liner in
connection with a step of washing out, detlating or mechani-
cally reducing its volume (such as with a so-called deployable
liner). Filament winding 1s a well-known method of produc-
tion, so only braiding will be described hereinaiter in light of
the possibility 1t offers for producing very long structures.
With reference to FI1G. 24, consider the production of a strut
for supporting a floor of a building. The ring shown 1n the
Figure comprises the necessary number of independent fibre
bundles required for overwinding the axial sections which are
to be comprised 1n the pressurizable structure. The ring can
undergo both a translational as well as a rotational movement.
The fibres are to be drawn from a central arrangement of
spools, whereby the central arrangement also also translates
and rotates with respect to the longitudinal axis of the pres-
surizable structure. Alternatively, the fibre spools themselves
can be mounted on the ring itself. Overwinding can be con-
tinued from one axial section on to an adjoining axial section,
with repetition hereof t1ll completion of the pressuriable
structure. In practice, there may be a limitation 1n regard of
the total fibre length available on a spool. It should be noted
that braiding can be implemented with an acceptable degree
of accuracy only with the application of exclusively geodesic
paths.

In regard of a transition between adjoining axial sections:
depending on the r-factor, the fibre bundle undergoes a
change of 1ts contact side, see FIG. 6. In this case, the method
of braiding 1s easily implemented, because no additional
spool rotations are required. In case of reversal of the side of
the fibre which 1s 1n contact with the body, the fibre undergoes
a twist whereby the spools mounted on the braiding ring have
to rotate over the angle of twist with respect to the axis
between the centre of gravity of the body and the centre of
gravity of the related spool. This 1s achievable by a proper
construction of the spool attachments on the ring. A central
spool arrangement will not work in such cases, other than 1n
the case of braiding whereby the fibre bundle does not have to
undergo a twist.

In regard of the width of the applied fibre bundle, 1n general
a broad fibre will lead to less stacking of the fibre at the poles
and to a reduction of braiding time. However, a broad tape
may make it difficult to achieve a winding geometry without
any fibre interference at the transitional areas between adjoin-
ing axial sections. It should be noted that fibre interference
does not occur 1f there 1s a twist 1n the fibre trajectory.

In regard of the choice between filament winding or braid-
ing, 1t should be noted that filament winding results 1n an
accurate placement of each fibre over the axial sections (even
in the case of application of non-geodesic windings). It also
leads to enhanced strength of the pressurizable structure since
there 1s only one begin point and one endpoint of the applied
fibre bundle. In the case of braiding, every applied winding
will have 1ts own begin point and endpoint, which 1n general
results 1 a reduction of the strength of the pressurizable

structure. A proper fixation of the fibre bundles 1n the pole
area can alleviate any related problem.

DEFINITIONS
Isotensoidal A rotationally symmetric shape designed in such a way
shape that the applied fibres are tensioned in exactly the same

magnitude.
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-continued
DEFINITIONS
Dimensionless The actual equatorial radius divided by the radius of the
equatorial pole opening.
radius
Dimensionless The minimum radius of the optimal part of the vessel

pole opening
radius

divided by the radius of the pole opening (usually very
close to 1).

q-factor The squared ratio of the dimensionless equatorial- and
pole opening radius.

r-factor A dimensionless parameter describing the axial load on
the pole opening as a fraction of the internal pressure
load.

r{z = 0) The critical value of r forcing the pole opening of a
vessel to become on the same altitude as the equator.

Geodesic The path connecting two points on an arbitrary surface at

trajectory the shortest possible way.

Non-geodesic A friction-requiring path connecting two points on an

trajectory arbitrary surface.

L The coeflicient of friction between the fibre bundle and
the surface of application.

g A dimensionless parameter expressing the pressure of a
partially deflated vessel as a fraction of the original one.

€r Radial strain in the plane of the vessel surface.

20) Circumierential strain in the plane of the vessel surface.

Y Shear strain in the plane of the vessel surface.

The mvention claimed 1s:

1. A fibre reinforced pressurizable structure comprising an
integrally formed gas or fluid-tight body having a continuous
outer circumierential surface with a rotation-symmetrical
ax1s that terminates in axial ends, the body being overwound
as an 1sotensoide with one or more fibre filaments, the one or
more fibre filaments having a longitudinal axis defined along
their length, wherein radius of the body outer surface varies
with respect to the rotation-symmetrical axis, such that said
body outer surface defines at least one concave surface sec-
tion spaced apart from the axial ends, wherein each concave
surface section has a local minimum radius, and the outer
surface further defines at least one convex surface section
spaced apart from the axial ends, wherein each convex sur-
face section has a local maximum radius, wherein the at least
one concave surface section about 1ts entire outer surface
spanning its local minimum radius 1s continuously over-
wound with the one or more fibre filaments.

2. A fibre reinforced pressurizable structure according to
claim 1, wherein the pressurizable structure 1s quasi-geode-
sically overwound in a continuous fashion.

3. A fibre reinforced pressurizable structure according to
claim 1, wherein the longitudinal orientation of the one or
more fibre filaments along a finite length thereof 1s oriented
substantially perpendicular with respect to the rotation-sym-
metrical axis of the structure.

4. A fibre reinforced pressurizable structure according to
claim 1, wherein the one or more fibre filaments undergo
torsion with respect to the longitudinal center-line thereof
when the pressurizable structure 1s 1n a pressurized state,
whereby substantially one side of the curved fibre circumier-
ence remains in contact with the body in the at least one
concave surface section.

5. A fibre reinforced pressurizable structure comprising an
integrally formed gas or fluid-tight body having a continuous
outer circumierential surface with a rotation-symmetrical
ax1s that terminates in axial ends, the body being overwound
as an 1sotensoide with one or more fibre filaments, the one or
more fibre filaments having a longitudinal axis defined along
their length, wherein radius of the body outer surface varies
with respect to the rotation-symmetrical axis, such that said
body outer surface defines at least one concave surface sec-
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tion spaced apart from the axial ends, wherein each concave
surface section has a local minimum radius, and the outer
surface further defines at least one convex surface section
spaced apart from the axial ends, wherein each convex sur-
face section has a local maximum radius, wherein the at least
one concave surface section about its entire outer surface
spanmng 1ts local minimum radius i1s continuously over-
wound with the one or more fibre filaments as an 1sotensoide,
and the fiber filaments are twisted longitudinally during fab-
rication of the structure so that one circumierential side of the
fiber filaments are 1in contact with the at least one concave
surface section and the other circumfierential side of the fiber
filaments are 1n contact with the at least one convex surface
section.

6. A fibre reinforced pressurizable structure according to
claam 1, wherein the body 1s flexible, 1.e., non-rigid and
formed about the one or more fibre filaments.

7. A fibre reinforced pressurizable structure according to
claim 1, whereby the axial length of at least one axial section
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of the pressurizable structure 1s variable with respect to the 20

longitudinal axis of the pressurizable structure.
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8. A fibre reinforced pressurizable structure according to
claim 1, wherein at least one axial section of the pressurizable
structure 1s pivotable with respect to the longitudinal axis of
the pressurizable structure.

9. A fibre reinforced pressurizable structure according to
claim 1, wherein at least one axial section of the structure 1s
pivotable with respect to an axis, wherein the axis 1s orthogo-
nal to the longitudinal axis of the pressurizable structure.

10. A fibre reinforced pressurizable structure according to
claim 7, wherein at least one axial section of the pressurizable
structure comprises a combination of at least two of the fol-
lowing technical elements; (1) at least one axial section of the
pressurizable structure 1s pivotable with respect to the longi-
tudinal axis of the pressurizable structure; (11) the axial length
ol the atleast one axial section of the structure 1s variable with
respect to the longitudinal axis of the pressurizable structure;
(1) the axial section of the structure 1s pivotal with respect to
an ax1s, wherein the axis 1s orthogonal to the longitudinal axis
of the pressurized structure.
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